Of 40 polyploid strains of Saccharomyces cerevisiae screened for growth on pmannitol(5 %, w/v), half grew well (5-20 mg dry biomass ml-l). Certain of these strains were unable to grow on low concentrations of mannitol (1-2%, w/v) and others, initially unable to grow on mannitol, exhibited long-term adaptation to growth. An NAD+-dependent D-mannitol dehydrogenase (EC 1.1.1.67) was detected in rnannitol-grown yeast. Growth was dependent on mitochondria1 function and was obligately aerobic. Measurement of products of metabolism and respiratory activity indicated that growth on mannitol allows catabolite derepression.
I N T R O D U C T I O N
Hitherto it has not been clear whether Saccharomyces cerevisiae can transport or even metabolize the acyclic polyol, mannitol. Evidence has suggested that mannitol is not transported into this yeast (Heredia et al., 1968; Bisson & Fraenkel, 1983) . Others have shown mannitol to be transported but not metabolized (Spoerl & Doyle, 1968; Maxwell & Spoerl, 1971 ; Canh et al., 1975) . In a detailed study of the catabolism of a number of acyclic polyols by 16 yeasts, Barnett (1968) found the strain of S. cerevisiae tested to be incapable of growth on mannitol or other polyols. However, Tyson et al. (1979) reported doubling times and cell size of S. cerevisiae S288C grown on a wide range of carbon sources, including mannitol and another acyclic polyol, sorbi tol.
Further confusion arises because mannitol dehydrogenase (D-rnannitol : NAD+ 2-oxidoreductase, EC 1.1.1.67) has been demonstrated in brewing yeast (Muller, 1937; Wilhelmsen, 1961) and an unidentified strain of S . cerevisiae (Wolff & Kaplan, 1956) , neither being grown on mannitol. However, taxonomists have noted that some strains of S. cerevisiae can assimilate mannitol (van der Walt, 1970) , although in a more recent text (Barnett et al., 1983) growth was reported either not to occur or to occur after a delay of 14-21 d. More specifically, growth of S. cerevisiae on mannitol has been suggested (Kirsop, 1974) or shown (Wiles, 1953; Quain, 1986) to be useful in the differentiation of brewing yeasts.
Significantly, rnannitol is frequently used as an osmotic stabilizer of yeast protoplasts (Linnane & Lukins, 1975; Cooper, 1982) and has been used to investigate the effects of increasing osmotic pressure on fermentation in S. cerevisiae (Ziffer, 1983) .
In this paper we describe aspects of the physiology and biochemistry of mannitol utilization by S. cerevisiae. Preliminary results of this work have been reported elsewhere (Walton et al., 1984; Quain & Boulton, 1986) . Growth of S. cerevisiae on sorbitol is also demonstrated and briefly discussed.
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1974) wasobtained from Dr J. M. Haslam (Universityof Liverpool, UK). Strains210.1A (MATa MALI SUClysl) and 134.34C (MATa MAM trp ura ade) were obtained from Dr N. Eaton, Brooklyn College, NY, USA.
Growth media. Stock cultures were maintained on slopes and plates of Wallerstein Laboratories Nutrient medium (Gibco Europe).
Liquid growth medium (YEP) contained Difco yeast extract (10 g l-l), BDH neutralized bacteriological peptone (5gl-I) and salts (Wallace et ul., 1968) consisting of (1-l): 1.2g (NH4)2S04, 03gNaC1, 0.1 g CaCl, . 2H20, 0.7 g MgC12. 7H20, 1 g KH,P04. 2 H 2 0 and 3 mg FeC13. The medium was heat-sterilized. Sugars and ethanol were added after autoclaving.
Nitrogen starvation experiments were done in sodium phosphate buffer (50 m, pH 6) containing glucose (5%, w/v) or mannitol (5%, w/v).
Growth conditions. Except where noted, cultures were grown aerobically in conical flasks (nominal volume 250 ml or 2 1) at 30 "C on a rotary shaker at 200 r.p.m. To ensure equivalent rates of oxygen transfer, flasks were stoppered with foam bungs. Starter cultures were prepared by inoculation of a single yeast colony into 50ml YEP/glucose (5%, w/v) in a 250 ml conical flask and grown with shaking for about 18 h. Flasks were inoculated to give an initial cell concentration of 0.01-0.05 mg dry weight ml-I. Strains of S. cereuisiue were assessed for growth on YEP/mannitol (5%, w/v) or YEP/sorbitol (5%, w/v) after incubation for 48 h. Background growth on contaminating glucose in the medium (Fraenkel, 1982) , measured for 20 strains, was 0.72 0-25 mg dry weight ml-* (mean SE).
The involvement of oxygen in the growth of S. cereuisiue on mannitol was investigated by manipulating the rate of oxygen transfer to the culture and by study of aerobic-anaerobic-aerobic transitions. Rates of oxygen transfer can be manipulated by varying the culture volume (Freedman, 1969) , an approach used in two experiments. Biomass yields were determined after growth in 250 ml (actual volume 280 ml) conical flasks containing 15,25,50, 75, 100 and 150 ml culture medium. A more detailed approach involved monitoring growth in 2 1 (actual volume 2.4 1) conical flasks containing either 120 or 1200 ml YEP/mannitol (10%). The effect of anaerobiosis on growth was investigated in stirred 4 x 2 1 glass fermenters containing 1200 ml YEP/mannitol (5%) at 30 "C. Culture aeration was achieved by passing air through a sinter at a rate of 300 ml min-I. This was maintained until the cultures were in late exponential phase (15 h) when two cultures were made anaerobic by changing the gas phase to nitrogen. When the control aerobic cultures were in late stationary phase (61 h) the anaerobic cultures were switched back to aerobiosis.
Measurement of NAD+-dependent mannitol dehydrogenuse. Harvested and washed cells of mannitol-grown S. cereuisiae BB1 were suspended (80%, w/v) in potassium phosphate buffer (50 m~, pH 7.4) including dithiothreitol (1 mM) and Triton X-100 (0.5% v/v). Pre-cooled glass beads (0-45-0.55 mm) equivalent to the cell wet weight were added and the cells were disrupted at 0 4°C using a Braun homogenizer for 3 x 30s at 4OOO r.p.m. The homogenate was centrifuged at 43 150g for 30 min at 4 "C and the resulting supernatant used for assay of enzyme activity .
Mannitol dehydrogenase activity at 30 "C was determined spectrophotometrically by measuring the rate of increase in absorbance at 340 nm caused by the reduction of NAD+. The reaction mixture contained, in 1 ml: potassium phosphate buffer (50 pmol, pH 7-4); NAD+ (1 pmol); approximately 70 pg cell protein; and mannitol (75pmol). Reactions were started by the addition of mannitol and the increase in A340 was measured using a Beckman DU-7 single beam spectrophotometer with kinetics accessory. Endogenous reduction of NAD+ was corrected for by initiating, in parallel, control incubations lacking mannitol. All assays were done in duplicate. Enzyme activity was shown to be proportional to protein concentration.
Other analytical procedures. Respiration was measured in a closed Clark-type electrode (Rank) at 30 "C as described by Astin et ul. (1977) . Yeast dry weight was determined by drying washed (2 x 5 ml deionized water) cells at 105 "C for 48 h. Enzymic procedures were used for the measurement of ethanol, glycerol, galactose, glucose (Boehringer Mannheim, 1980) and glycogen (Quain, 198 I) . Mannitol was determined using the periodate oxidation method of Lewis & Harley (1965) . Sterols were extracted after acid labilization (Gonzales & Parks, 1977) using previously published procedures (Quain & Haslam, 1979) . Derivatized sterols were quantified using capillary gas chromatography (D. E. Quain & R. G. Bolton, unpublished) . Protein was determined by the Lowry method.
RESULTS A N D DISCUSSION
Screening of strains of S . cerevisiae for growth on mannitol Of the 40 polyploid strains of S. cereuisiae screened (Table l) , 20 were capable of good growth (5-20mg dry wt ml-*) on 5 % mannitol. It may therefore be concluded that the generally held view that S. cereuisiae cannot grow on mannitol (Barnett, 1968; Spoerl & Doyle, 1968) mannitol (van der Walt, 1970) . It is unfortunate that the methods used by taxonomists for the measurement of growth are semi-quantitative so that direct comparison with the work reported here cannot be made.
Of the haploid strains of S. cerevisiae screened, only A1 84D grew on mannitol(5-10 mg dry wt ml-l). Contrary to previous observations (Tyson et al., 1979) , S288C did not grow on mannitol (< 1.5 mg dry wt ml-I).
Efect of mannitol concentration on growth
Certain of those strains of S. cereuisiae exhibiting good growth on 5% mannitol were examined in more detail over a range of mannitol concentrations (Fig. 1) . In general, growth yields reached a maximum at substrate concentrations of 5-7.5% (w/v). At higher concentrations it is likely that a nutrient other than the carbon source limited growth. Of the six strains tested, three (BB1, 11 and NCYC 1415) exhibited little or no growth with 1 % mannitol.
With 2%, NCYC 1415 grew extremely well whereas BB1 and 11 grew poorly. That all six strains grew increasingly well at mannitol concentrations of 5% and more suggests that those strains that grew poorly at low substrate concentrations had transport systems exhibiting a low affinity for mannitol, or alternatively, metabolized this substrate less efficiently. Cells of strain BB 1 shifted from active growth at high (5%) concentrations of mannitol to low (2%) concentrations, failed to grow. Our results are broadly consistent with those of Maxwell & Spoerl(l971) who, working with a non-growing strain of S . cereoisiae, observed that transport of mannitol was poor with an apparent K , of 0 . 6~ (10-8%, w/v). However, the results presented in Fig. 1 suggest that with strains grown on mannitol the kinetics of mannitol transport may vary widely. It would be expected that strains (e.g. BB6) exhibiting good growth on low (1%) or high (5%) mannitol concentrations would have a greater affinity for this substrate than strains (e.g. BBl) only capable of growth at mannitol concentrations of 5% or more.
Injuence of medium composition on growth
Whereas YEP/mannitol medium was capable of supporting excellent growth of many strains of S. cerevisiue, the fully defined Difco yeast nitrogen base failed to support such growth. Glutamic acid, which is necessary for growth on ethanol in defined medium (Bonnet et al., 1980) , was without effect. It was shown that for growth of strain BBl on mannitol the medium must contain both yeast extract (1 %, w/v) and salts, whereas bacteriological peptone was not required (Table 2) . It is therefore apparent that medium composition can determine whether or not S. cerevisiue can utilize mannitol. Although we have not attempted to identify growth promoting factor(s), it is clear that the requirement is satisfied by inclusion in the medium of relatively large amounts of yeast extract and salts.
Adaptation of non-growing strains to growth on mannitol At least two strains were capable of growth on mannitol after long-term adaption. Both NCYC 177 and BB5 could be induced to grow on mannitol either by repeated subculture on, or after lengthy (about 100 h) lag phase in, YEP/mannitol medium. After adaptation, both strains could successfully be maintained on solid medium (YEP) containing mannitol(5 %). A degree of genetic heterozygosity (Spencer 8z Spencer, 1983 ) was observed in that not all single colonies from such plates retained the long-term capacity for growth on mannitol. Maintenance of adapted strains on solid medium containing glucose alone, or a mixture of mannitol and glucose, resulted in the complete loss of adapted growth. Such adaptation to growth on mannitol is likely to be due to the induction of key degradative enzymes or transport permeases. However, the response is not universal with initially non-growing strains: only a minority are subject to adaptation.
Enzymology
In agreement with previous observations (Muller, 1937; Wolff & Kaplan, 1956; Wilhelmsen, 196 l) , a N AD+-dependent D-mannitol dehydrogenase could be detected in cell-free preparations of S . cerevisiae. The enzyme from mannitol-grown strain BB 1 exhibited normal Michaelis-Menten kinetics for D-mannitOl with an apparent K , of 5.1 mM. The specific activity of the enzyme was 128.8 0.8 nmol mannitol oxidized min-l (mg protein)-'. No activity was found when NADP+ replaced NAD+ or when mannitol was replaced by mannitol 1-phosphate, sorbitol or ribitol. In glucose-grown cells the activity of the enzyme was about 10% of that found in mannitol-grown cells. Requirement for oxygen Maxwell & Spoerl (1971) demonstrated that transport of mannitol into S . cerevisiae was markedly reduced in the absence of both a fermentable carbon source and oxygen. Our preliminary observations (Walton et al., 1984) , showed that oxygen was necessary for growth of yeast on mannitol. In stirred fermenters where the headspace gas was changed from air to nitrogen, exponential growth of strain BBI promptly ceased (Fig. 2) . The transition back from anaerobiosis to aerobiosis resulted in exponential growth recommencing.
The importance of oxygen in determining the growth yield of S. cerevisiae on mannitol was also demonstrated by manipulation of the rate of oxygen transfer by adjusting the culture volume (Freedman, 1969) . Growth of both BBl and NCYC 430 on mannitol was greatest under conditions of high oxygen transfer (small culture volume, large headspace) (Fig. 3a) . As culture volume increased, concomitant with decreasing rate of oxygen transfer, biomass yields declined dramatically. Similarly, in a different experiment with strain BBI, markedly different rates of growth were found under conditions of high and low aeration (Fig. 3b) .
Measurement of sterols, whose synthesis is determined by the availability of oxygen (for a review see Parks, 1978) , confirmed that higher rates of aeration supported additional sterol synthesis. In an experiment with NCYC 177, under conditions of high aeration total sterol concentration was 173.0 f 10.9 pg ml-l or 1-47 f 0.09% of the dry biomass. Under conditions of low aeration, these values were respectively 62.5 f 0.2 pg ml-l and 1.00 f 0% (mean f SE).
Requirement for mitochondrial function Previous observations (Walton et al., 1984) showed that treatment of strain BB1 with erythromycin (an inhibitor of mitochondrial protein synthesis) or the isolation of respiratory deficient mutants, resulted in the inability to grow on mannitol. Such observations, coupled with the requirement for oxygen, suggest that mannitol metabolism in S. cerevisiae requires mi toc hondrial function.
In S. cerevisiae, substrates requiring mitochondria1 function for their catabolism are described as supporting catabolite derepression (for reviews see Linnane & Haslam, 1970; Fiechter et al., 1981) . Measurement of rates of respiration of ethanol (Table 3) by strain BB1 after growth on a range of carbon sources showed that mannitol-grown cells exhibited similar respiratory activity to that of cells grown on ethanol, a substrate supporting full catabolite derepression. Respiration could not be detected in yeast grown on fermentable, catabolite-repressing substrates such as glucose and fructose. Although mannitol-grown cells supported similar rates of respiration with both glucose and ethanol, mannitol(25 mM) was a poor substrate, supporting only 6 1 0 % of the maximal rate. This further suggests that in some strains of S. cerevisiae transport of mannitol may limit its rate of catabolism.
Growth rate and products of mannitol metabolism in batch culture
Further insight into the mode of mannitol metabolism was obtained by monitoring substrate utilization and product formation during batch culture. Similar experiments were done with glucose and with galactose, which supports intermediate levels of respiratory activity and catabolite repression (Strittmatter, 1957; De Deken, 1966; Lagunas, 1976; Baldacci & Zennaro, 1982; Busturia & Lagunas, 1986) (Fig. 4) .
The specific growth rate of strain BBl on 5% mannitol(O.144 h-l) was markedly less than that on galactose (0.289 h-l) or glucose (0.333 h-l), rates which were both in close agreement with previous observations (Lagunas, 1976) . However, the specific growth rate of this strain on mannitol was still faster than for growth on ethanol (Lagunas, 1976; Quain & Haslam, 1979) . Although, as expected, the rates of substrate uptake reflected the rate of growth (Fig. 4) , mannitol uptake was extremely slow, although markedly more biomass production was supported than for the other substrates. Measurement of the yield coefficient (Bauchop & Elsden, 1960) showed that 50.1 g dry wt of yeast was formed per mol mannitol consumed.
Measurement of products of metabolism confirmed that mannitol, like galactose, is metabolized extensively, although not exclusively, via oxidation. Fig. 4 shows growth by fermentation of glucose (about 50 g I-') yielded large amounts of ethanol (26 g 1-l) whereas growth on galactose or mannitol resulted in maximum levels of 7 and 5 g ethanol 1-l respectively. Growth on glucose was diauxic, such that with the exhaustion of glucose, catabolite derepression occurred. This new phase of growth was characterized by the assimilation and oxidation of ethanol, the product of the first phase of growth. The levels of glycerol, although two orders of magnitude lower than those of ethanol, are a reflection of the need to regenerate NAD+ from NADH so as to maintain glycolysis (Oura, 1977) . The magnitude of glycerol synthesis may also indicate the extent of respiratory activity which occurs during growth (Lagunas, 1976; Oura, 1977) . the relatively small amount of glycerol produced during growth on mannitol was consistent with growth on this substrate being largely via aerobic respiration.
Mannitol metabolism in the absence of a nitrogen source Mannitol-grown NCYC 430 was subjected to nitrogen starvation in the presence of either glucose or mannitol. In agreement with the results of others (Rothman & Cabib, 1969; Lillie & Pringle, 1980) , nitrogen limitation in the presence of glucose resulted in biomass accumulation (2.28-3-89 mg dry wt ml-*) and in the synthesis of the reserve polysaccharide glycogen, which increased from 122 to 202 pg ml-l. However, under conditions of nitrogen starvation, mannitol was unable to support new biomass production and glycogen levels declined from 122 to 83 pg ml-l. Presumably nitrogen starvation in the presence of this oxidizable carbon source cannot support energy generation and biomass accumulation, unlike the case for fermentable carbon sources.
Redox balance and mannitol metabolism
The most plausible explanation for the inability of mannitol to support fermentative growth of S. cerevisiae is that this would result in the deregulation of the redox balance (for a review see van Dijken & Scheffers, 1986) . As the products of the reaction catalysed by NAD+-dependent mannitol dehydrogenase are fructose and NADH, the overall equation for the anaerobic conversion of mannitol to ethanol would be: Hence, although potentially energy yielding, anaerobic fermentation of mannitol would result in the production of excess NADH. Since transhydrogenation does not occur in yeasts (van Dijken & Scheffers, 1986 ) and because mitochondria1 function cannot occur in anaerobic S. cerevisiae, excess NADH is oxidized in the formation of the energetically expensive glycerol (Oura, 1977) . However, as is shown in equation (2) maintenance of the redox balance through the synthesis of glycerol would result in no overall ATP production. 
Hence, it may be concluded that growth of S. cereoisiae on mannitol is irretrievably dependent on oxidative metabolism. Bruinenberg et ul. (1983) have proposed a similar interpretation to explain the absence of anaerobic fermentation of xylose by Candidu utilis. In this case the conversion of xylitol to xylulose by xylitol dehydrogenase results in the net production of NADH.
Screening of strains of S. cerevisiae for growth on sorbitol Of the 40 strains of S. cerevisiae screened for growth on mannitol (Table l) , only 4 (NCYC 430, 679,933 and 1415) were capable of aerobic growth on sorbitol(5%). Each of these strains also grew well on mannitol. Contrary to the findings of Tyson et ul. (1979), we were unable to demonstrate growth of strain S288C (or the other haploids) on sorbitol. NCYC 1415 grew equally well on either polyol whereas NCYC 430 exhibited a lengthy lag phase before growth on sorbitol (Fig. 5) . As with strains showing adaptation to growth on mannitol, sorbitol-grown NCYC 430 could retain this capability by maintenance on solid medium containing sorbitol (5 %). Our observations suggest no common polyol transport/dehydrogenase system for mannitol and sorbitol. Many more strains were able to grow on mannitol than sorbitol and transfer of mannitol-grown cells to fresh medium containing sorbitol did not result in growth.
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